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This paperdescribegednolagy developedfor the Am-
phion/NAV synthesisystem.Building on previouswork in
Amphion/MIF, this systenmsynthesizegraduate-leel text-
book examplesof single-modegeometricstate estimation
softwae. Amphion/MV includesexplanationtechnology
for mappingtheinternal representation®f a proof (gener
atedthroughdeductivesynthesisjhata programis correct,
to documentatiomndrequirementdracesthatdemonstate
this correctnesso humanenginees. The Explainlt! sub-
systenextendghetechnology previouslyreportedonfor ex-
planationgenetion, andincludesan XML-basedrowser
interface A methodolgy that employsmultiple levels of
reusewasusedin developingAmphion/MY, including in-
corporation of the previous Amphion/MIF domaintheory
asa part oftheAmphion/MV domaintheory Thecombina-
tion of generl-purposeautomated-easoningmethodghat
are widely applicable with specializedautomatedeason-
ing methodghatare domainspecific enabledgenesation of
substantialprograms. Lessondearnedare presentedand
future workis discussed.

1 Introduction

Previous work on domain-specificdeductve program
synthesi§12, 13] describedhe Amphion/NAIF systemfor
generatind-ortrancodefrom high-level graphicakpecifica-
tions describingproblemsin spacesystemgeometry Am-
phion/NAIF specificationglescribefunctionsthatcompute
geometricquantatiege.g., the distancebetweerntwo plan-

subroutinesfrom the NAIF subroutinelibrary developed
at the Jet PropulsionLaboratory (JPL). In essence Am-

phion/NAIF synthesizesodefor glueingtogethethe NAIF

componentsn a way suchthat the generatedcodeimple-
mentsthe specification.The correctnessf this implemen-
tation (with respectto the specification)is guaranteedy

the useof the SNARK first-orderresolutiontheoremprover
to carryouttherefinemenfrom specificatiorto afunctional
A-term,andthe useof a transformatiorsystemnto transform
the A-terminto Fortrancode.

Amphion/NAIF demonstratedhe successof domain-
specificdeductve programsynthesiandis still in usetoday
within the spacesciencecommunity However, anumberof
guestiongemainedopenthatwe will attemptto answerin
this papernamely:

¢ Whatevidencecanbe providedto aninterestegarty
that the generatectode doesin fact implementthe
specification?Note thatthe useof a theoremprover
in synthesigs notthefinal answersinceaproversuch
asSNARK is acomple softwareartifactin itself and
may containbugs. Amphion/NAIF did not address
theintegrationof a programsynthesisysteninto the
softwareprocess particularlytheissueof validation
andverificationdependendn humanreview.

¢ Whataretheissuesnvolvedfor aprojectteamto de-
velopa programsynthesisystentor its own particu-
lar domain?Amphion/NAIF generategelatively sim-
ple code, principally sequence®f subroutinecalls
with limited use of loops. In developing program
synthesisystemsgor otherdomainge.qg.,for embed-
ded systemsapplications) theserestrictionswill no



longerhold. In addition,Amphion/NAIF wasableto

build on a well-defined previously givencomponent
library. Suchalibrary is unlikely to be availablefor

mostapplications but mustbe developedin parallel

or collectedfrom elsavhere.

In orderto investigatethesetwo limitations, we devel-
oped Amphion for a new, much richer domain, namely
Guidance,Navigation & Control (GN&C) algorithms,in
particularsingle-modayeometricstateestimatiorsoftware.
GN&C algorithmsare often comple, involving iterative
loop algorithmsand real-time considerationsuch as ex-
trapolatingsensodatasothatdatais integratedatthe same
pointin time. In addition,althoughtherearestandarccom-
ponentsavailable for this domain(e.g., matrix manipula-
tions, Kalmanfilter algorithms),thereis no easily defined
setof componentshatcoverthedomainfully.

Amphion/NAV is an extensionof Amphion/NAIF that
generategode for integrating datafrom multiple sensor
sourcesin a statistically optimal way using Kalman fil-
ters[1, 4]. In additionto dealingwith a muchricher do-
main, Amphion/NAV significantlyextendsthe explanation
capabilitiesof thepreviousAmphionsystem{13]. Thecode
generatedy Amphion/NAV is annotatedvith detailedex-
planationsdescribingwhere eachexpressionin the code
camefrom. Theseexplanationsare constructedby trac-
ing automaticallythroughthe proof thatproducedhe code
andcomposingexplanationgor eachof theaxiomsusedin
the proof. As aresult,eachprogramexpressioncanbe ex-
plainedin termsof the conceptdn the specificationfrom
which they werederived. Theseexplanationsaregivenin
theform of hyperlinkedtext andarespecificto the GN&C
domain.

Detailed explanationsprovide a meansfor a certifica-
tion body suchasthe FAA to examinethe codein detail
andto know preciselywhere eachcode expressioncame
from. GN&C algorithmsare often usedin safety-critical
systems. Hencethe very detailedexplanationsprovided
by Amphion/NAV provide necessargocumentatioffior the
certificationprocess. The explanationsare also crucial to
programmersvho needto modify thegenerated¢odeor in-
tegrateit into alargersystem.

The domainof stateestimationturnsout to be a good
challengedomainfor deductve synthesisDevelopingstate
estimationsoftware tendsto be a black art. In princi-
ple,the engineesshoulddevelopa mathematicainodelthat
closelyresembleshereal-world characteristicsf theprob-
lem. The outputof simulationrunson this model should
thenbe usedto refinethe modeluntil a thresholdlevel of
accurag is reached.In practice,however, engineersstart
off with a mathematicamodelbut the time and costcon-
straintsassociatedvith the projectmeanthat they merely
“tweak” parameterm theircoderatherthanreassessintpe
fidelity of the model. Programsynthesissncouragesnal-

ysis to take placeat the modelinglevel and enablesapid
designspaceexploration.

In summary AMPHION/NAV is a working prototype
that makesthe following contritutionsto the field of pro-
gramsynthesis:

¢ generatiorof complec softwareartifactsinvolving it-
erative loopsandreal-timeaspects;

¢ generatiorof detailedexplanationghatprovide doc-
umentatiomecessaryor the certificationprocessof
safetycritical systems;

¢ the use of a theoremprover to guaranteedomain-
specific propertiesin the generatedcode (as a by-
productof synthesis}— e.g., all parametersare in
the sameframe/coordinatesystem,matrix multipli-
cationsarewell-defined,;

o rapiddesignspacesxplorationof competingarchitec-
tures/configurations.

2 Background on State Estimation

Thedomainof interestfor Amphion/NAV is thatof geo-
metric stateestimation|.e., estimatingthe actualvaluesof
certainstatevariables(suchasposition, velocity, attitude)
basedn noisydatafrom multiple sensosourcesThestan-
dardtechniquédor integratingmultiple sensoidatais to use
a Kalmanfilter. A Kalmanfilter estimateghe stateof a
linear dynamicsystemperturbedoy Gaussiarwhite noise
usingmeasurementmearlyrelatedto thestatebut alsocor
ruptedby Gaussiamwhite noise.A Kalmanfilter providesa
statisticallyoptimal estimatejn the sensehatit minimizes
the expectedrisk associatedvith ary quadraticlossfunc-
tion of the estimationerror. The Kalmanfilter algorithmis
essentiallya recursve versionof linear leastsquareswith
incrementalipdates.

The stateestimationproblemcanbe representedby the
following equationsgivenin vectorform:

x(t) = f(x(t),t) + w(t) 1)
z(t) = h(x(t),t) + v(t) 2

The first equationis the processmodel, a vector dif-
ferential equation modeling how the state vector x(t),
changesover time. The secondequationis the measure-
ment model, relating the measuredvariablesto the state
variables. Specifically x(t) is thestatevector(with x(t) the
time derivative) of quantitieso be estimatede.g. position,
attitudeetc.), z(t) is a vector of measurement@he state
variablesarenot necessarilyneasuredirectly), v(t), w(t)
areGaussiawhite noiseperturbancesn the measurement
and processmodelrespectiely and f and h are possibly



nonlinearcontinuougunctionsthatmustbe discretizedor
implementatiorpurposes.

A Kalmanfilter is an iterative algorithmthat returnsa
time sequencef estimate®f the statevector, x(¢), by fus-
ing the measurementwith estimatef the statevariables
basedon the processnodelin anoptimalfashion.The es-
timatesminimize the mean-squarestimationerror. In the
casewhereeither f or h is nonlinear a Kalmanfilter can
still be usedby first linearizing arounda “nominal” esti-
mate.After linearizationanddiscretization,f andh canbe
representethy matrices® (the statetransitionmatrix) and
H (themeasurememnatrix) respectiely.

The standardmplementatiorof a Kalmanfilter requires
se/eninputs: the ® and H matrices,the covariancestruc-
tureof the procesandmeasurememoise(w(t) andv(t)),
aninitial stateestimatex(to), anerrorcovariancematrix of
theinitial estimateand,of coursethesequencef measure-
ments.During eachiterationof thefilter, the stateestimate
is updatedbasedbn new measuremen@ndtheestimateer
ror covarianceis updatedor the next iteration.

To illustrate, consideran aircraft that is equippedwith
aninertial navigationsystem(INS) andradio equipmento
determinethe distanceof the aircraft from two fixed radio
towers(distancemeasuringquipmen{DME) sensors)An
inertial navigation system(for detail seee.g.,[10]) is an
electromechanicalevice which consistof threegyrosand
accelerometersrientedwith respecto thez, y, andz axis
of arectangulacoordinatesystem.Eachmovementof the
INS (andtheaircraft)generatea deviation signalin thegy-
roswhich, togethemwith readingsfrom the accelerometers,
provide anestimateof the currentposition,velocity andat-
titude of theaircraft. However, dueto inherenterrorsof the
INS (principally, gyro drift), the accurag of the estimate
decreasesonsiderablyvertime. Therefore additional(or
aiding) measurement@reneededo contributeinformation
andthusboundtheerror. In our example two DME sensors
provide aidingmeasuremenis thez, y plane.

Figurel givesthe AMPHION/NAV graphicalspecifica-
tion for integratingmeasurementisom anINS sensomwith
thosefrom two DME sensorsusinga Kalmanfilter!. Fig-
ure 2A shaws resultsfrom a simulationusingcodesynthe-
sizedautomaticallyfrom this specification.The simulation
modelgtheaircraftasflying in thenorth-southdirection,but
underturbulencesoit is not flying in a straightline, but in
a“random-walk” like fashion. The locationof the two ra-
dio towersaremarked by “+”. The dashedine shows the
estimatedz, y) positionof theaircraft,basedupontheINS
systemaidedby thetwo DME readings.

Therelative error of the Kalmanfilter estimates shavn

lwe assumehat all sensorreadings,measurementsnd position es-
timatesarein the samecoordinatesystemandframe andthe sameunits.
AMPHION/NAV, however, canautomaticallygenerateodefor theappro-
priateconversionroutines.

Figure 1. Graphical input specification for a
simple INS configuration with two aiding DME
sensor s.

in Figure2B. Theerrorin theverticaldirection(thevertical
scaleis logarithmic)grows in an unboundedashion(dot-
dot-dash)pecausehe aiding sensorsareonly contributing
to the horizontalz andy directions. After a shorttime,
all estimatesn the (vertical) z directionbecomepractically
useless.

A typical way to avoid this problemis to adda sensor
which providesinformationaboutthealtitudeof theaircraft
(e.g.,a baro-altimeter).With traditional software develop-
ment of the state-estimatiorsoftware, addinga sensorin
this way leadsto a lengthyre-implementatiorof much of
the code. Within AMPHION/NAV, a sensorcanbe added
easily(within about5 minutes).AMPHION/NAV thensyn-
thesizescodefor the new sensorconfiguration. Figure2C
shavstherelative errorsfor the new configuration.Theer-
rorsin thez andy directionremainthe same(the altimeter
doesnot contritute to that); however, the vertical error is
reducedsubstantially

3 AMPHION/NAV System Architecture

Figure3 presentshearchitecturef the AMPHION/NAV
system.The domaintheory (Section4) specifieshe types
andoperatiorsignaturesn thedomain,andaxiomsdescrib-
ing the implementationof the abstract operationg(which
areusedin the problemspecification)n termsof concete
operations(which are usedin the implementation). The
domaintheoryalso containsexplanationtemplatesassoci-
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Figure 2. Simulation results for synthesiz ed
code: actual and estimated aircraft position
on the z,y plane (A), relative errors in the con-
figuration INS with two DME sensor s (B), and
with an additional baro-altimeter (C).

atedwith eachaxiom. The templatesprovide documenta-
tion aboutthe meaningof the axioms.

A GUI (not shawn), guidedby the typesandoperation
signaturesspecifiedin the domaintheory aidsthe userin
producingaformal, type-correcgraphicalproblemspecifi-
cation(Figurel for anexample).Thespecificatioris equiv-
alentto afirst-orderlogic formulaof theform

V(inputsg 3(outputg I(intermediate}
(Conjunct A ... A Conjunct,).

The conjunctsdescribethe desiredinput/outputrelation-
ship. Theconjunctsareall expressedn termsof theabstract
languagegxceptfor thoseexpressinghe relationshipde-
tweenconcreteinput or output variablesand the abstract
variableshey represent.

The processof deductivesynthesig6, 9] submitsthe
specificationand the axiomsof the domaintheoryto the
synthesignginewhichis the SNARK [11] refutation-based
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theorenyprover. Thetheoremprover provesthatthe specifi-
cationis aconsequencef thedomaintheory andreturnsa
proofanda vectorof witnesstermsfor theoutputvariables,
in our casean applicatve term comprisingthe synthesized
program.

Thecodegeneratois giventheapplicative termandpro-
ducescodein the target programminganguagevia appli-
cationof several phaseof programtransformations.The
targetlanguageén AMPHION/NAYV is C++ andOCTAVE 2.
AMPHION/NAIF generatedcORTRAN code,but only the
last phaseof the codegeneratomeededo be changedor
AMPHION/NAV.

The codegeneratorecordsa traceof the applicationof
thetransformationsThe Explainlt! componen{Section5)
acceptghe axiom explanationtemplatesthe proof, the ap-
plicative term, andthe codegeneratotrace,and produces
an explanationstructurefor the final code. This structure
links portionsof the target codeto explanations. The ex-
planationof a portion of target codeis generatedrom the
explanationtemplatesassociateavith the axiomsthatwere
usedin the creationof thatportionof the code.

4 EngineeringaDomain Theory for State Es-
timation

Designingdomaintheoriesfor programsynthesisis a
difficult task. Domainknowledgeis oftenill-definedor dis-
tributedamongmultiple source®f knowledge,e.g.domain
experts. In addition,the scopeof the domainfor a particu-
lar applicationis usuallyvery fuzzy (cf., for example,[2]).
Thisproblemis furthercomplicatedor supportingorogram
synthesisbecausedomain knowledge representdoth the
operationandalgorithmsin the domainandhow thosedo-
main elementsare properly applied. As a result,domain
engineeringfor programsynthesids a significantly more
difficult taskthanprogramming.

For the initial versionof AMPHION/NAV describedn

2A Matlabclone: http://www.octave.org



this paperthescopés thatof graduate-leel textbook(e.g.,
[1]) stateestimationexamples.The methodologyfollowed
wasto work from concreteexampleggivenin thetextbooks,
and, from theseexamples,to identify the conceptsof the
domainandthe relationshipsetweenthoseconcepts.In-
put from domainexpertswassolicitedto validatetheseef-
forts. Thedomaintheoryis a collectionof modularsubthe-
orieseachcontaininga setof axiomsdescribingthe prim-
itivesin the subtheoryandthe relationsbetweenthem, ex-
pressedn first orderlogic. Abstract primitives encapsu-
late specification-leel conceptsin the domain(e.g., fuse
datafrom two sensorswhereasconcrete primitivesdefine
wrappersaroundmplementedoftwarecomponentge.g.,a
Kalmanfilter component).

Figure 4 shaws the structureof the subtheoriesn the
currentdomaintheory Thearrons shav which subtheories
importothersubtheoriege.g.,theaxiomsfor framecorver-
sionsimportthe NAIF axioms).In thesynthesigroofs,the
NAIF axiomsandframe/coordinataxiomsareappliedus-
ing resolution paramodulatiomnddemodulationAll other
axiomsare appliedusing demodulatioronly. This wasa
restrictionmadeto control the proof process.The arrows
in Figure 4 also manifestthemselesin the axioms: the
rules refine primitives from one subtheoryinto primitives
from a subtheoryconnectedy anarrov. Notethattheleaf
nodesof Figure4 are subtheoriesvhoseprimitivesappear
in thefinal applicatve term. In essencehigh-level abstract
primitives specifyingKalmanfilter architecturesand sen-
sor configurationsare refinedinto primitivesof Euclidean
geometryand matrix/vector operations. Refinementslso
take placewithin the theorieghatrefineprimitivesof those
theoriednto primitivesthatarewrappersaroundcodecom-
ponents.

Referringto Figure 1, the specificatiorfor a typical ex-
ampledescribeghe sensorconfigurationand the Kalman
filter architecture. Sensorsare specifiedby giving the
datatypeof their outputs— e.g.,a DME sensormutputsa
distancen aparticularframeandcoordinatesystemandits
(noisy) outputsaredistributedwith a given meanandvari-
ance.TheKalmanFilter subtheorydescribedow to derive
the necessarynatrix inputs(e.g.,the ® and H matrices}o
a Kalmanfilter codecomponeniseeFigure5). Figure6
givesanaxiomfrom the Kalmanfilter subtheoryfor fusing
datafrom multiple sensorsisinga linearizedKalmanfilter.
Eachof thederive operationds refinedby domainthe-
ory axiomsinto a matrix thatis input to the Kalmanfilter
routine.

In generalthe synthesisengineappliesproof searchto
applytheaxiomsin awaythatsuitthecurrentcontet. This
may involve making pre-definedassumptionsisto the na-
ture of the currentproblem(e.g.,thatthe nominalestimate
is closeenoughto the true valueto enablea Taylor series
expansionto be accurateput theseassumptionappearex-
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Differentiation
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Linearization

Kalman
Filter
axioms
Sensor \éector_
specific perations
axioms
Matrix
Operations

Figure 4. AMPHION/NAV Domain Theory Orga-
nization.

plicitly in thefinal explanationgresentedo the user

To give a flavor of thereasoningnvolvedin the synthe-
sissystemgconsidethow the H matrixis formed.Eachrow
in the H matrix correspond¢o a measuremenand each
columnto a statevariable(so, in the runningexample, H
has2 rows, onefor eachDME sensorand9 columns,for
position, velocity, attitudein 3 directions). Eachentryin
H is alinearizationof therelationshipbetweera measure-
mentanda statevariable. In generalthe relationshipthat
holdsbetweermeasurement@ndvariablesmay not belin-
ear The domaintheorycontainsa linearizationsubtheory
for applying Taylor seriesexpansionanddiscardinghigher
ordertermsunderappropriateassumptions.

In fact, the previous Amphion/NAIF domaintheoryfor
geometrycan be reusedin the linearizationprocess. For
example,a DME measurement;y, is a distancefrom the
currentcoordinatego the DME tower, which is expressed
very naturallyusingNAIF’ s geometricconstructs:

z1 = twoPointsToDistance(dmeCoords, coords) (3)

Axioms in the domain theory describehow to linearize
this equation(it is an abstractrepresentatiorf the usual
PythagoreadistanceproundthenominalcoordinatesThe
easeof reuseof the existing NAIF domaintheoryprovides
strongevidencethatit is possibleto develop domaintheo-
riesin a piece-wisdashionandbringthemtogetheiin such
a way that interactionsbetweentheoriesdo not adwersely
affectthe codegeneratiorprocess.

A fully declaratve domaintheoryis idealfor expressing
the conceptsn a new domainandfor communicatingand
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Figure 6. A lineariz ed Kalman filter axiom.

validatingtheir relationshipsOn the otherhand,codegen-
eration(regardles®f which synthesi€ngineis used)needs
moreguidanceto be successful. As partof our methodol-
ogy, we beganwith a highly declaratve domaintheoryand
thenextendedthis theorywith operationaklementdo en-
ablesuccessfulefinementTheresultis thatthesubtheories
malke useof resolution paramodulatioanddemodulation,
butin arestrictedashion.Inferenceulessuchasresolution
andparamodulatiorprovide a greatdealof expressieness
but easilyleadto exponentialblow-upin proof search De-
modulation(rewriting), on the otherhand,is tractablebut
requiregshedomainengineeto imposealeft to right order
ing on the axioms. In orderto leveragethe advantage of
bothof thesetechniqueswe useresolution/paramodulation
in specific,well-definedcircumstancessuchascorverting
betweendifferent framesand coordinatesystems. Most
of the domaintheory however, consistsof rewrite rules.
Paramodulatiorallows axiomsto be appliedin a way that
introducesa freshvariableinto the proof goal. This cannot
be done using rewriting becauseghe RHS variablesmust
be a subsetof the LHS variables. Paramodulatioris very
usefulwhencorvertingtwo domainobjectsinto acommon
frame. It allows the decisionasto which commonframeto

useto be delayeduntil a pointin the proof wherethe in-
stantiationof the freshvariablecanbe determinedrom the
currentproofcontext. Overuseof paramodulatiorhhowever,
leadsto asearchspaceblow-up andsoits usewasrestricted
to themostusefulapplications.

Anotherway to limit the searchspaces to make useof
decisionproceduesin the theoremproving process. The
ideais to solve appropriatesubtaskgover groundterms)
thatcomeupin theproofby callsto externalroutinesrather
thanrelyingontheproofengine. Amphion/NAIF contained
decisionproceduredor instantiatingvariablesrepresenting
frameswith the appropriateframe. AMPHION/NAV uses
SNARK'’s procedurabttachmentnechanisnio incorporate
decisionprocedurefrom theKIF library [5] (list manipula-
tions, numericmanipulationsetc.) andproceduregor low-
level matrix manipulations. By combiningtheoremprov-
ing techniquesuchasdemodulatiorwith specializedand
potentiallydomain-specificilecisionproceduresjeductve
programsynthesisanbescaledup to realisticexamples.

5 TheExplainlt! Documentation Generator

In [13], we reportedon a techniquefor explaining de-
ductively synthesizedoftwarefrom tracesof the synthesis
proofs. Intuitively, an explanationof a statementn a gen-
eratedorogramis a collectionof explainedconnectiondbe-
tweenthevariablesfunctionsandsubroutinesn thatstate-
mentand objects, relations,and functionsin the problem
specificatioror domaintheory

The explanationtechniqueworks with the proof deriva-
tion of the generateghrogramwhich is atreewhosenodes
aresetsof formulastogethemwith substitutionof the exis-
tentiallyquantifiedvariablesandwhosearcsarestepsn the
proof(i.e.,they encodethe “derivedfrom” relation). Thus,
an abstractsyntaxtree (AST) of the synthesizegrogram
andthe emptyclauseis the root of this derivationtree. Its
leaves are domaintheory axiomsandthe problemspecifi-
cation. Sincethe AST andall formulasarerepresenteds
tree-structuregerms,thederivationtreeis essentiallyatree
of trees.

The explanationgeneratiorprocedurdracesbacka po-
sition in the abstracsyntaxtreethroughthe derivationtree
extracting explanation equalitiesalong the way. These
equalitiesrecordthe links betweenpositionsof different
termsin the derivation. By reasoningwith theseequal-
ities, goal explanationequalitiesare derived which relate
elementof the generategbrogramwith termsin the speci-
ficationandformulasin the domaintheory

In this paper we report on our subsequentlevelop-
mentof the techniquefor generatingexplanationsto pro-
vide completetraceability By this, we meana systemthat
generateanexplanationfor every executablestatemenin a
synthesize@rogramin vocalularythatadomainexpertun-



derstandsThe explanationindicateswhy that statements
in theprogramandhow the statementelatego theproblem
specificationand the domaintheory In the following, we
describeexplanationequalities,explanationtemplatesand
their instantiation,andthe mannerin which the document
is assembled.

5.1 Explanation Equalities

From each step in a derivation, a set of explana-
tion equalitiesis extracteddescribingthe “links” between
“pieces”of aformulaandits parenformulaswith respecto
the proof step. Thus,eachexplanationequalityis a logical
consequencef the semanticof the inferencerule applied
in the stepandthe parentformulas.

The piecesof a formula are identified using a position
notation. A positionin aformulais specifiedoy a pathde-
scriptionfrom the root of the formulato that position. A
pathdescriptionis a sequenc®f argumentpositionselec-
tors, e.g., the path [2,1] specifiesthe positionof b in the
term f(a, g(b, ¢)). The subtermat a positionselectedoy a
valid pathdescriptionp in thetermt is written t@p. This
positionaldescriptionis importantbecauséexically identi-
caltermscanappeain multiple placesn aformula,but are
derivedthroughdifferentpaths.

When extracting explanation equalities, it is impor-
tant that we keep track of where the different occur
rencesof terms originated. To this end, eachnode in
the derivation tree is assigneda unique number Then,
eachvariable z in noden is annotatedby z,. Non-
variable terms (constants,functors) are annotatedwith
node number and position. For example, the formula
P(f(z),9(f(y,z))) in noden of thederivationis annotated
as Py (0] (fr,[1,0(%n))s Gn.12,0) (fn,[2,1,0) (Yn> Tn))

Explanation equalities capturing the links between
piecesof a formula are assertionof the form &,@Qp; =
®,Q@p, betweerannotatederms®,, ®>. Explanationsare
alsoextractedfor substitutiongeneratedh eachderivation
stepin theform of equalityassertions,, = ¥,, wherexz,,
isthevariablex appearingn formulan and¥, isthe(anno-
tated)subternto which  wasboundin theinferencestep,
expresse@sa positionin aformula.

5.2 Templates

Domain theory axioms are annotatedwith explanation
templates. Templatesare strings of words and variables.
All variablesoccurringin atemplatemustalsooccurin the
axiomto which the templateis attached.Eachaxiom can
have multiple templatesachof which is associateavith a
differentpositionin thataxiom. By templ ¢, p) we denote
the templatebelongingto axiom ¢ at positionp. Figure7
shaws the explanationtemplatedor the axiom of Figure6.

templ(extended_kalman_filter,[2]) =
(Integrate measurements from multiple sensors using an
Extended Kalman Filter EKF. All measurements are
assumed to be in the same frame and coordinate

system. The measurements are linearized around a
nominal trajectory. Data from aiding sensors is used
to provide a state estimate based on an underlying
process/state-vector model. The EKF takes seven
matrices  as input.)
templ(extended_kalman_filter,[2,1]) =
(an initial state  estimate)
templ(extended_kalman_filter,[2,2]) =
(the state transition matrix  Phi)

templ(extended_kalman_filter,[2,3]) =
(the measurement matrix H)

templ(extended_kalman_filter,[2,7]) =
(an initial covariance  matrix P_0)

Figure 7. Explanation Templates associated
with the Kalman Filter Axiom of Figure 6

In thatcasewe have atemplatedescribingheentireaxiom.
Thistemplateis attachedt theright-handsideof theequa-
tion in Figure6. Thus,its positionis 2. Furthermoregach
of the 7 argumentsof the extendedKalmanfilter contain
their own explanationtemplates.

5.3 Template Composition and I nstantiation

The compositionof an explanationfor a positionin the
generategrogram(or, for that matter ary positionin ary
formulain a derivation)is constructedrom the templates
associatedvith the explanationequalitiesdescribedabove
by constructionof an equivalenceclass. Let ®,Qp, be
a termin a formula of the derivation. Then, we define
Cgr(®0Qp) = {®;Qp; | i = 0,...} asthe equivalence
classof ®3@p, containingall terms®;Q@p; inducedby the
explanationequalitiesof the derivation.

Then the desired goal explanation equalities linking
d,Q@p, to thespecificatioranddomaintheoryarecontained
in Cg(Po@pg). The explanationtemplatedor ®,Q@p, can
be found in the setT = {templ(®;,p;) | ®;Qp; €
Cr(®0Qpg)} of templatesttachedo theformulapositions
in CE.

To constructthe explanation,the templatesin this set
are instantiatedand concatenatedogether Eachindivid-
ual templateis instantiatedby replacingeachvariable z¢
with the non-variabletermin Cg(zs) that occursin the
problem specification. Compositionof the templatesis
accomplishedby imposingan orderingon the subformu-
las: for ®;,®; € Cgr(®o@py) suchthat ®; occursear
lier in the derivationthan ®; thentemp(®;,p;) precedes
temp(®;, p;) in theexplanation.

As an example,the DME examplefrom Section2 con-
tainsthe following subtermin the applicative term gener



name=f>
axiom=...>

<function
<reason
</reason>
<argument type =..>
XML explanation
</argument>

Explanation returned  for entire  term

returned  for the term ¢,

<argument type
XML explanation
</argument>
</function>

=..>

returned  for the term ¢,

Figure 8. XML representation of the explana-
tions for aterm f(ty,...,tn).

ated:
mk-mx(2,9, list  (list (
x-coord (vhat (vsub (

Coordinate3-1 ,Coordinate-Dmel-Posn )

=)

This subtermcomputesthe measurementnatrix, H.
x-coord(...) is one entry of the 2 x 9 matrix that
computeghelinearizedrelationshipbetweerthe statevari-
ablerepresentingpositionin the z direction,andthe mea-
surementvariablerepresentinghe measuremenfrom the
first DME sensoar Figure 9 givesthe explanationfor this
subterm.Eachbullet comesfrom an explanationtemplate.
Thefirst four bulletsdescriben a genericway the contents
of the elementat position (1,1) in the matrix. The cur
rent outputtext is somavhat rough but tells the userthat
the entry represent% evaluatedusing the nominalval-
uesfor x. The next threebullets describethe application
of axiomsthat rewrite this partial derivative in termsof a
direction cosine. The remainingbullets explain that the
direction cosineis equialentto the function composition
vhat(vsub(...))

5.4 Document Assembly

The final outputof Explainit! is a documentwhich ex-
plainseachpartof thesynthesizedodein aformatsuitable
for the domainengineer The structureof the explanation
is reflectedn the computationastructureof theapplicatve
term. Thus, explanationsare constructedor eachposition
in the applicatve term. As a flexible intermediateformat,
XML is beingused,becausat facilities the generationof
various documentformats and the use of hypetlinks al-
low to the usertransparentiytrace betweenthe final code
andthe explanationdocument. This is necessarybecause
the structureof the codedoesnot necessarilyoincidewith
the structureof the applicatve program.For eachsubterm
f(t1,...,tn) astructuredKML datastructurds generate@s
shovnin Figure8.

XSLT [8] is usedto producethefinal versionof the ex-
planationfrom this XML document.XSLT transformshe

File Edit View Go Communicator Help

- : : : - -
L 0 13 o B
0 Marix of dimensions'2 by §
O Explomwrtion: THE MEASURENMENT MATRIX H
O Explomarion: CALCULATE THE MEASUREMENT MATRIX FOR THE STATE VARIABLES GIVEN AIDING

BENSOR DATA
O Explemrtion: EACH SEN3OR MEASUREMENT CORRESPONIE TO A ROW IN THE MEASURENMENT
MATRIX

=i

« Fenction: X-COORD
® Explanarion: EACH ENTRY IN BACH Row [ |7 Fmetion: Y-COCRD
THE MEASUREMENT MATRIX IS FORMED
FROMLINEARIZING AN EQUATIGN
REPRESENTING THE MEASUREMENT

» Explavazion EACH ENTRY IN EACH ROW [N
THE MEASUREMENT MATRIX 3 FORMED
FROM LINEARIZING AN EGUATICN

o SN AT T i REPRESENTING THE MEASUREMENT

® Bplanarion: 1 E FORMEASUREMENT Z 1,

STATE VARIABLE X_J AROQUND A NOMIMNAL TRAJECTCORY

® Biplanarion: 1 E FORMEASUREMENT Z T,

Zanction: THE MEASUREMENT ENTRY AT STATEVARIAELE X1

ﬁ]%EXI JI3 DZ 1 DIVIDEDBY DX J

» Eploumion: EVALUATED AT THE NOMINAL
COORDIMNATES

® Eplanarion: FOR TWG COCRDINATES | THE
PARTIAL DERIVATIVE IN THE X DIRECTION
OF

. THE MEASUREMENT ENTRY AT

INDEXI J[S DZ 1CIVIDEDBY DX T

» Eplmumion: EVALUATED AT THE NOMINAL
COORDINATES
® Biplararion: FOR TWO COCRDINATES | THE
PARTLAL DERIYATIVE IN THE ¥ DIRECTION
OF

® Eplararion: 13 THE DIRECTION COSINE
BETWEEN THE ¥ AXIS AND THE VECTOR

lonezion: THE DISTANCE BETWEEN THE
TWO COORDINATES
& Explanation: 13 THE DIRECTION COSINE

BETWEEN THE X AXIS AND THE VECTOR ion: THE DIRECTION COSINE

-
BETWEEN THE Y AXIS AND A VECTOR I3
THE ¥-COCRDINATE OF

FROM ONE COORDINATE TO THE OTHER
& Explanation. THE DIRECTION COSINE

BETWEEN THE X AXIS AND A VECTORIS .

THE X-COORDINATE OF &

R L O Explanazion: THE NORMALIZED

O Explamazion: THE NORMALIZED B
VECTOR

8 Function: VSUB O Explanation: THE DISTANCE
BETWEEN TWO VECTORS
O Constent:Coordinared-1

Snecificotion Fxnimetion,

O Explanction: THE DIFFERENCE
OF TWO VECTORS

Figure 9. Screen dump of a part of the expla-
nation document

function-agumentag structurein the XML documeninto
HTML with a pagraphcontainingthe explanationof the
function followed by a bulletedlist of the explanationsof
the aguments. It further processesermswhoseheadis
mk-mx into tables. The resultingdocumentfor the term
mk-mx(2,9, ...) intheapplicatvetermfrom theprevious
sectionis shovn in Figure9.

ThisXSLT parsercaneasilybeadaptedo handlevarious
syntactictransformations Thus,the basicstructureof Ex-
plainit! canbe adaptedo otherdomains.Explainlt! is thus
configurablein a similar way like Hallgren’s Proof Editor
[7], orthelLF system3].

6 Reated Work

Over recentyears, automaticcode generationhas be-
come a hot topic in various industries, including the
aerospacendustry A numberof commercialtools are
now availablethat carry out domain-specificodegenera-
tion. MatrixX? andSimulink! provide graphicallanguages
for modeling dynamic systemsfrom which code can be
generated.In essencehowever, thesecodegeneratorsare
little more than domain-specificompilers. The domain-
knowledge embeddedin thesesystemscomesfrom the
factthateachgraphicalconstructcorrespond$o a domain-
specificprimitive and canbe compiledin a 1-to-1fashion
into code. The mappingin AMPHION/NAV is not 1-to-1.
The codegenerationprocessmay involve reasoningover

3from Wind River Systems
4from MathWorks




deepdomainknowledgeandmay make assumptionsibout
the currentproblemcontext that will affect the codepro-
duced.lt is alsonotoriouslydifficult to integratecodegen-
eratedusing MatrixX or Simulink with hand-writtencode
asthereis no traceabilitybetweenmodeland code. AM-
PHION/NAV overcomeghis problemthroughits explana-
tion mechanism As furtherwork, we intendto investigate
the problemof optimizingthe generated¢ode. Thedomain
theoryin AMPHION/NAV should enabledomain-specific
optimizationsthat could not be achiezed using MatrixX or
Simulink.

7 Conclusions

We have presented\MPHION/NAV, adeductve synthe-
sis systemfor the automaticgeneratiorof stateestimation
softwarewith Kalmanfilters. We have usedthis systemto
synthesizeoughly a dozengraduate-leel textbook exam-
plesof single-modegeometricstateestimatiorsoftwareand
variantshereof.Theexampleauseeitheraninertial naviga-
tion system(INS, seeourexamplein thetext), oraGPSsys-
temasits basis.We have usedmodelsfor distancemeaswr
ing equipmen{DME), VOR (measuringhe anglebetween
the aircraft and a fixed station), GPS,and baro-altimeter
In theseexamples,SNARK could find a proof within a few
minutes.

Althoughtherehave beenmary improvementsover the
old synthesisystemwith respecto domaincomplexity, us-
ability, andgeneratiorof explanationsthereis still anum-
ber of importantissuesto be addressed During develop-
ment of AMPHION/NAYV it turnedout that the graphical
specificationlanguage(which is translatednto first-order
formulas)is notwell suitedfor the stateestimationdomain.
Many examplesequireavery largegraphicalspecification,
resultingin a low leveragefactor betweensize of specifi-
cation and size of the synthesizecdtode. Furthermorea
concisesemanticgor thespecificatiodanguages required.
For practicalusability, we will work togethemwith domain
expertson thedevelopmenbf a practical,yet concisespec-
ificationlanguage.

As describedn the paper the developmentof the do-
maintheoryturnedoutto be a centralissuefor our synthe-
sissystem.Althoughtheold NAIF domaintheorycouldbe
reusedn anas-ismannerafactwhich nicely demonstrates
compositionalityof domaintheories structureanddevelop-
mentprocesdor the domaintheoryneedsto be improved
substantially In particular for safety-criticaldomains,a
careful developmentprocessfor the domaintheory is es-
sential, becauseproving correctnesgor an entire domain
theoryis practicallyimpossible. Currentwork aimsto de-
velopa domaintheoryin a muchmorestructuredandfun-
damentalway. We areinvestigatingin how far techniques
from object-orientedoftwaredesigncanbe of helpfor our

task. Sucha principled development,which is embedded
in a highly iterative designprocessalso addressesssues
of interactionbetweenthe domaintheory and the deduc-
tive machinery To avoid unnecessargearchspaceswhich
is animportantprerequisitdor scalability partsof the do-
main theory which copewith calculationsor assemblyof
datastructurege.g.,matrices)shouldemploy decisionpro-
ceduresor procedurabttachmento the theoremprover. A
highly structureddomaintheoryallows usto clearly iden-
tify suchparts.

Within the paradigmof deductie programsynthesisall
informationrequiredto constructthe programis contained
in the proof. Our experiencewith practicalprogramsyn-
thesis,however, shaved that synthesizingcodealone,i.e.,
without detaileddocumentationis not enough. Hence,in
developingAMPHION/NAV, mucheffort wasspentonthe
explanationsystem. Automatic generatiorof documenta-
tion is only afirst step.Futurework will investigatehow far
deductve synthesiscan supportcomputersupportecterti-
fication of safety-criticalcode by automaticgeneratiornof
verificationproof obligations invariants,andotherannota-
tions for the synthesizedodewhich thencanbe checled
by a smallandtrustedproof checler.
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